The possible relationship between myofiber type composition and adipose tissue development in skeletal muscle in vivo has been suggested. Recent evidence indicated that satellite cells are multipotent cells that can undergo not only myogenic, but also adipogenic differentiation. In the present study, rat satellite cells were isolated from soleus, back, extensor digitorum longus, tibialis anterior and quadriceps muscles, and their adipogenic potentials were compared by culturing them under adipogenic conditions in vitro. Cells from soleus muscle exhibited the highest adipogenic potential as judged from Oil Red-staining and immunocytochemical C/EBPα-staining. The adipogenic potential of satellite cells was positively correlated with type I myofiber distribution in the corresponding muscle of origin. These results demonstrated that the adipogenic potential of satellite cells differs according to the muscle of origin and suggested that its possible correlation to type I myofiber distribution may account for preferential adipose tissue development in slow oxidative muscles.
Under some pathological/physiological conditions, fatty infiltration (accumulation of adipocytes) is observed in skeletal muscle [7, 23, 27] . Age-related decrease in skeletal muscle mass (sarcopenia) is characterized by atrophy of muscle fibers coinciding with a relative increase in the ratio of type I (slow) myofibers to type II (fast) myofibers [3] ; fatty infiltration is one of the hallmarks of sarcopenia [33] . Though both the exact mechanism that induces fatty infiltration and the origin of adipocytes are unclear, several studies pointed out the relationship between myofiber type and the degree of adipose tissue development in skeletal muscle in vivo [4, 19, 24] .
Differentiation of adipocytes is known to be under the control of two widely known transcription factors [10, 13, 25] , peroxisome proliferator activated receptor-γ (PPARγ) [29, 37, 38] and CCAAT/enhancer binding protein-α (C/ EBPα) [28] . These transcription factors are well studied and, in general, it has been accepted that once activated, PPARγ and C/EBPα cross-regulate each other to maintain their gene expressions [9, 40] , and both alone or in cooperation, can induce terminal differentiation of adipocytes [16, 21, 37, 38] .
Skeletal muscle contains several kinds of stem cells of mesenchymal origin [8, 15] including satellite cells. Satellite cells account for 2-5% of muscle nuclei and reside juxtaposed to muscle fibers beneath the basal lamina [5, 22] . They are usually mitotically quiescent, but following mechanical stimulus or injury to muscle fibers, they are activated and proliferate to mediate postnatal growth and regeneration of muscle [5, 8, 15, 22] . In addition to their myogenic property as myogenic stem cells, recent evidence indicates that some satellite cells, though not all, are multipotent cells that can also undergo adipogenic, osteogenic and chondrogenic differentiation [2, 15, 39] . Their ability to undergo adipogenic differentiation has been shown in several experimental settings [2, 11, 18, 32, 34, 36, 39] . For instance, adipogenic differentiation of satellite cells can be achieved by culturing them under adipogenic conditions [34] that are commonly used for inducing adipogenic differentiation of clonal adipogenic cell line, 3T3-L1 [14] . The adipogenic conditions consist of insulin, dexamethasone and 3-isobutyl-1-methyl-xanthine (IBMX) [14] . In addition, thiazolidinediones such as troglitazone and rosiglitazo ne ha ve b een sh own to sti mula te a dip oge nic differentiation both alone [18, 36] and in combination with adipogenic conditions [35] .
Functional heterogeneity of satellite cells has been shown in several aspects [6, 12, 17, 20, 30, 32] . Differential myogenicity of satellite cells from extensor digitorum longus and soleus muscles has been reported in rats [20] . With regard to their adipogenic potential, mouse satellite cells from freshly isolated single myofibers produced myogenic and non-myogenic clones, and some cells in the non-myogenic clones differentiated into mature adipocytes [32] . Aging also affects the adipogenic potential of satellite cells. Satellite cells isolated from mouse hindlimb skeletal muscle demonstrated increased adipogenic potential as a function of age, and this coincided with increased expression of C/ EBPα and PPARγ [34] .
The purpose of the present study was to determine whether satellite cells from distinct skeletal muscle origins exhibit different adipogenic potential. For this purpose, we have isolated satellite cells from various skeletal muscles and compared their adipogenic potential in vitro. Then we examined the possible correlation between the adipogenic potential of satellite cells from distinct skeletal muscle ori-gins and myofiber type distributions in their corresponding muscle.
MATERIALS AND METHODS
Animals: Male Wistar-Imamichi rats (2, 6-8 and 9 months old) were purchased from a local dealer (Institute for Animal Reproduction, Ibaraki, Japan). All rats were kept in plastic cages with wood shavings and maintained in a windowless, air-conditioned (22-25°C and 55-75% relative humidity), artificially illuminated (12 hr of light from 0700 to 1900 hr) animal room, and provided with commercial pellets (Lab MR-Breeder Standard, Nihon Nosan Kogyo, Yokohama, Japan) and tap water ad libitum. All animal experiments performed in this study were according to the Guideline for the Care and Use of Laboratory Animals, The University of Tokyo.
Satellite cell culture: Satellite cells were obtained from the bulk of back and hind leg muscles, or separately from soleus (SOL), back (BAC), extensor digitorum longus (EDL), tibialis anterior (TA) and quadriceps (QUAD) muscles of 6-8 month old rats as described by Allen et al. [1] . BAC consisted of thoracic and cervical longissimus, thoracic spinal and thoracic semispinal muscles since, in the rat, it is difficult to separate them completely. Typically, a 24-well culture plate was used, and cells were plated in triplicate at a density based on the starting tissue weight from which the cells were isolated (0.5 g of muscle tissues per one well). They were cultured in Dulbecco's Modified Eagle Medium (DMEM; Invitrogen, Carlsbad, CA, U.S.A.) with 10% fetal bovine serum (10% FBS), 50 U/ml penicillin, 50 µg/ml streptomycin sulfate and 50 µg/ml gentamicin (10% FBS/DMEM) at 37°C in a humidified atmosphere of 5% CO 2 and air.
For experiments where cells were cultured under adipogenic conditions, freshly isolated cells were initially plated in 10% FBS/DMEM supplemented with insulin (1 µg/ml), dexamethazone (0.1 µg/ml), IBMX (27.8 µg/ml) and troglitazone (10 µM; kindly donated by Sankyo Co., Ltd. Tokyo, Japan) and cultured for 2 days. The medium was switched to 10% FBS/DMEM supplemented with insulin and troglitazone, and cells were cultured for 2 additional days. Thereafter, they were cultured in 10% FBS/DMEM supplemented only with troglitazone for up to 10 days. After 10 days of culture, cells were nearly 100% confluent, and therefore there was no significant difference in the number of total cells among the wells. Medium was changed every day.
In the experiment where the adipogenic potential of satellite cells from rats of different age was compared, cells were isolated from TA and SOL muscles of 2 month-and 9 month-old rats and cultured under adipogenic conditions as described above.
Oil Red staining for identification of adipocyte: Oil Red-O (Sigma, St. Louis, MO, U.S.A.) staining, followed by nuclear hematoxylin counter staining, was used for detection of accumulated oil droplets. Cells were fixed in 10% neutral buffered formalin for 10 min at room temperature, rinsed with phosphate buffered saline (PBS) 3 times, stained with Oil Red-O working solution (2:3 mixture of 0.5% (w/ v) Oil Red-O in 2-isopropanol and distilled water) for 7 min, and rinsed with PBS. For quantitative analysis of Oil Red-O-stained cells, cells were stained with Oil Red-O without nuclear counter staining, then photographed at approximately 300 cells per field. Six different microscopic fields were randomly chosen per well, and percentage of relative area stained in red to the area of microscopic field were calculated with NIH image software (ver. 1.62). Linearity between percentage of relative area stained in red and percentage of Oil Red-O-positive cells was already confirmed by our preliminary study (data not shown).
Immunocytochemistry: Cells were subjected to immunocytochemical analysis for detection of PPARγ and C/EBPα. Cells were fixed in 4% paraformaldehyde (PFA) in PBS at room temperature (RT; 20-25°C) for PPARγ or in methanol at -20°C for 15 min for C/EBPα, and washed 3 times with PBS. Cells were blocked with 5% normal goat serum (NGS)/PBS containing 0.1% Triton-X 100 (Sigma) and 0.6% hydrogen peroxide (H 2 O 2 ) for 20 min at RT. Cells were washed 3 times with PBS, and then primary antibodies were applied at a dilution of 1:100 for monoclonal anti-PPARγ (E-8; Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.) or 1:400 for polyclonal anti-C/EBPα (14AA; Santa Cruz Biotechnology) in 5% NGS/PBS overnight at 4°C. After 3 washes with PBS, cells were incubated with secondary antibody, simple stain MAX-PO (M) (Nichirei Biosciences, Tokyo, Japan) for PPARγ or simple stain MAX-PO (R) (Nichirei Biosciences) for C/EBPα for 1 hr at RT. After washing, signals were visualized by 3,3'-diaminobenzidine (DAB) and H 2 O 2 . For quantitative analysis of C/ EBPα-positive cells, cell nuclei were counterstained with hematoxylin, and the number of C/EBPα-positive nuclei and total nuclei (approximately 300 cells per field) were counted in 6 randomly chosen microscopic fields to calculate the percentage of C/EBPα-positive nuclei.
Immunohistochemistry: Frozen tissue sections (5 µm thickness) prepared from rat skeletal muscles were subjected to immunohistochemical analysis for detection of type I (slow) myosin myofibers. All procedures were performed at RT unless otherwise stated. Sections were fixed in acetone at -80°C for 15 min. After washing in PBS, endogenous peroxidase activity was inactivated by treating with 0.3% H 2 O 2 in 5% NGS for 30 min. Primary antibody specific for myosin (skeletal (slow), Sigma; dilution 1:500 with 1% BSA) was applied and incubated for 60 min. Simple stain MAX-PO (M) (Nichirei Biosciences) was used as a secondary antibody and incubated for 1 hr. After washing, cells were visualized by DAB and H 2 O 2 . For quantitative analysis of type I myosin-positive myofibers, the number of positive myofibers and total myofibers (100 to 150 myofibers per field) were counted in 8 randomly chosen microscopic fields to calculate the percentage of type I myosinpositive myofibers.
Reverse transcription-polymerase chain reaction (RT-PCR: RNA was extracted using TRIzol reagent (Invitro-gen). Two micrograms of RNA were reverse-transcribed into cDNA using SuperScript II (Invitrogen) in a reaction volume of 20 µl according to the manufacturer's protocol. Two microliters out of 20 µl were used as a template for PCR. The primer set used for amplification of the partial rat PPARγ2 cDNA fragment consists of forward primer, 5'-TTC GCT GAT GCA CTG CCT AT-3' (GenBank #AF156666; 97-116) and reverse primer, 5'-GCC AAC AGC TTC TCC TTC TC-3' (697-716), and PCR amplification was performed under the following conditions: 1 cycle at 95°C for 2 min; 35 cycles at 95°C for 1 min, 56°C for 1 min, 72°C for 1 min; 1 cycle at 72°C for 10 min. After PCR, an aliquot of the reaction mixture was electrophoresed on 1% tris-acetate-ethylenediaminetetraacetic acid (TAE) agarose gel, and the products were stained with ethidium bromide. The number of cycles used for PCR was chosen so that the amount of RNA used for RT-PCR versus the intensity of the ethidium bromide-stained product on agarose gel was within a linear range. To verify that equivalent amounts of cDNA samples were used for rat PPARγ2, PCR was performed using the primer set of rat hypoxanthine guanine phosphoribosyltransferase (HPRT). The primer set used for amplification of the partial rat HPRT cDNA fragment consists of forward primer, 5'-GCT GGT GAA AAG GAC CTC T -3' (GenBank #J00423; 576-595) and reverse primer, 5'-CAC AGG ACT AGA ACR YCT GC-3' (804-824) (R stands for A or G; Y stands for C or T. These are included so that this primer set could be used both for rat and mouse samples in our laboratory), and PCR amplification was performed under the following conditions: 1 cycle at 95°C for 2 min; 21 cycles at 95°C for 1 min, 62°C for 1 min, 72°C for 1 min; 1 cycle at 72°C for 10 min.
Semi-quantitative analysis of expression of HPRT and PPARγ2 mRNA was performed on the photo of the gel using NIH image software, and there was no statistical dif-ference in the expression levels of HPRT mRNA between the experimental groups.
Statistic: Graphed data were analyzed by the two-tailed unpaired Student's t-test (between two groups) or by ANOVA followed by Games-Howell-Test for multiple post-hoc comparisons (among four or more groups). Differences were considered significant at p<0.05. Pearson's correlation coefficient was also performed to determine the relationship between two measures.
RESULTS
Adipogenic potential of satellite cells from the bulk of skeletal muscle: Satellite cells were isolated from the bulk of rat skeletal muscle and cultured under adipogenic conditions. After being cultured for 10 days, some cells were positive for Oil Red, indicating the accumulation of neutral lipids within the cells (Fig. 1A) , and suggesting the appearance of adipocytes. To further verify that culturing satellite cells under adipogenic conditions indeed induced the appearance of adipocytes, cultures were immunocytochemically stained with anti-C/EBPα and anti-PPARγ antibody. As shown in Fig. 1A , the presence of cells positive for C/ EBPα and PPARγ was also confirmed, indicating that culturing satellite cells in adipogenic conditions indeed induced the appearance of adipocytes. On the other hand, in control cultures, no cells were positive for Oil Red, C/EBPα and PPARγ. The appearance of adipocytes upon adipogenic stimulation coincided with the increased amount of PPARγ2 mRNA, which is specific for adipocytes [37, 41] in culture (Fig. 1B) . These results revealed that some rat satellite cells obtained by our procedure had adipogenic potential.
Adipogenic potential of satellite cells from different skeletal muscle: In order to examine if the adipogenic potential of satellite cells differs according to skeletal muscle origin, satellite cells were isolated from different skeletal muscles and cultured under adipogenic conditions. After 10 days of culture, cells were either stained with Oil Red or immunocytochemically stained with anti-C/EBPα antibody. Cells isolated from SOL muscle showed the greatest adipogenic potential when evaluated by Oil Red staining and C/EBPα staining. Adipogenic potential of satellite cells from BAC and EDL muscles was intermediate, and the lowest potential was observed in cells from TA or QUAD muscles ( Fig. 2A and B).
Correlation between adipogenic potentials of satellite cells of different skeletal muscle origins and myofiber type distribution in each skeletal muscle:
Since SOL muscle predominantly consists of type I myofibers, the above results led us to predict a possible correlation between myofiber type distribution in each skeletal muscle and adipogenic potentials of satellite cells of different skeletal muscle origin. To explore this possibility, type I myofiber distribution in each skeletal muscle was examined immunohistochemically by anti-type I myosin antibody. As shown in Fig. 3 , the percentage of type I myofiber was higher in SOL muscle (87.2 ± 3.1%), whereas values were relatively low in other skeletal muscles (BAC, 6.9 ± 1.8%; EDL, 2.6 ± 0.7%; TA, 1.0 ± 0.5%; QUAD, 0.7 ± 0.4%). Percentages of type I myofiber in each skeletal muscle were plotted against percentages of either Oil Red positive areas or C/EBPα positive cells that appeared from the corresponding satellite cells. Figure 4 shows the strong correlation between these values (Oil Red vs. type I myosin, r=0.925 (p<0.01); C/EBPα vs. type I myosin, r=0.933 (p<0.01)), suggesting that adipogenic potentials of satellite cells are highly correlated with the relative proportions of type I myofibers in the muscle from where they are originated. Age-associated changes in adipogenic potentials of satellite cells from TA and SOL muscle: Finally, we examined age-associated changes in adipogenic potentials of satellite cells from TA and SOL muscles. Satellite cells from TA and SOL muscles of 2 month-and 9 month-old rats were cultured under adipogenic conditions and their adipogenic potentials were compared. As shown in Fig. 5 , both in 2 month-and 9 month-old rats, the adipogenic potential of satellite cells obtained from SOL muscle was higher than that from TA muscle. In addition, regardless of their origin, the adipogenic potential of satellite cells increased as a function of age.
DISCUSSION
The novel finding obtained in the present study is that the adipogenic potential of satellite cells differs according to the origin of skeletal muscle. In addition, the possible correlation between adipogenic potential of satellite cells and composition of type I myofibers in the corresponding skeletal muscle was also suggested.
The exact nature that leads to the diverse appearance of adipocytes among satellite cells from different skeletal muscles is currently unclear. Functional heterogeneity of satellite cells has been implicated in several studies. For instance, with regard to their myogenic property, it has been shown that, in the rat, fast and slow myofibers are regenerated from intrinsically different satellite cells [17] , and, in the mouse, phenotype of satellite cells reflects their myofiber type origin [30] . Moreover, at least two types of satellite cells, capable of forming fast and slow type muscle fibers, respectively, were found in different proportions in fast and slow muscles in the chicken and quail [12] . We had also confirmed these results by immunocytochemically staining myotubes formed from satellite cells from TA and SOL muscles with slow-and fast-type myosin antibodies (data not shown). Therefore, one possible explanation for the diverse appearance of adipocytes among satellite cells from different sources is that there might be an intrinsic difference in satellite cells in terms of their ability to differentiate to adipogenic lineage, and the proportion of satellite cells that can differentiate to adipocytes might be different among skeletal muscles.
It is well known that stem cell commitment is influenced by the surrounding environment such as cell-cell interactions, paracrine growth factors and extracellular matrix [8, 26] . Feldman and Stockdale [12] revealed that progeny of chicken and quail satellite cells in terms of myofiber type are altered with repeated subcloning, and the degree of this alteration depends on cell density. This may indicate that commitment of satellite cells is not fixed absolutely, and environment could alter their commitment. In addition, Shefer et al. [32] proposed that the fate of mouse satellite cells is not pre-fixed, and they can spontaneously enter a non-myogenic mesenchymal pathway when placed in a situation that is inappropriate for them to enter a myogenic lineage. In the present study, a number of myotubes were formed when satellite cells were cultured under adipogenic conditions, and preliminary experiments revealed that there was no difference in the number of myotubes formed when satellite cells were cultured under control or adipogenic conditions (data not shown). As described above, it has been shown that chicken and quail satellite cells with myogenic properties can be divided into two types according to the myofiber type they can form [12] . Since myotubes (myofibers) produce a number of growth factors through which they influence cellular differentiation including adipogenesis [19] , it is possible that the varying degrees of adipocyte appearance observed in the present study might be due to the difference in proportion of slow-and fast-type myotubes present in culture. Further study to clarify this point is now being undertaken in our laboratory.
As observed in the present study, age-related increase in adipogenic potential of satellite cells was reported by Taylor-Jones et al. [34] . In that study, satellite cells obtained from 23-month-old (older) mice and placed under adipogenic conditions accumulated more Oil Red-positive droplets in their cytoplasm than those from 8-month-old (younger) mice. In the present study, we not only confirmed their results, but also found that the relative difference in adipogenic potential between satellite cells from SOL muscle and TA muscle is maintained with increased age, and their adipogenic responses were increased as a function of age. In the study of Tayler-Jones et al. [34] , they related the age-related increase in adipogenic response to decreased Wnt-10b expression in satellite cells, since Wnt(s) are known to inhibit adipogenesis [31] . Therefore, the difference in the adipogenic potential of satellite cells observed in the present study might be, in part, due to the difference in Wnt gene expression levels among the satellite cells.
Adipose tissue development in skeletal muscle has been widely recognized as one of the hallmarks of sarcopenia [33] , and sarcopenia is characterized by atrophy of skeletal muscle fibers coinciding with a relative increase in the ratio of type I myofibers to type II myofibers [3] . In addition, adipose tissue development in skeletal muscle has been of interest to the field of domestic livestock research since optimizing management of fat and lean growth is important Fig. 5 . Age-associated changes in the adipogenic potential of satellite cells. Satellite cells were isolated from TA and SOL muscles of 2 month-and 9 month-old rats were cultured in adipogenic condition for 10 days and stained with Oil Red. The graphed data represent mean ± SE (n=3). Different letters (a, b and c) indicate statistically significant difference (p<0.01).
to regulate composition and meat quality [19] . Calkins et al. [4] pointed out that the oxidative capacity of muscle is related to marbling (adipose tissue development in skeletal muscle), and muscle fiber type composition could be used as a predictor of marbling potential. Although the exact origin of adipose tissues which develop in skeletal muscle is still unclear, our results showing the possible correlation between adipogenic potential of satellite cells and type I myofiber composition in the corresponding skeletal muscle may partially account for preferential adipose tissue development in oxidative muscles and suggest that satellite cells might be one of the possible origins.
